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ABSTRACT 

Twenty-one constant current welds were made at DCRP currents 
from 204 to 358 A. Three experiments were conducted where the 
current was in the form of a very slow sawtooth waveform from 
200 A to 380 A over a period of 50 seconds. Two low frequency 
pulsed current welds were made using a 650 A peaK current and a 
250 A base current at 50 percent duty cycles; at 30 Hz and 10 
Hz. All welds were made bead on mild steel plate using constant 
current GMAW equipment arid argon + 2X oxygen shielding gas. 
After welding, the plates were cut, ground, polished and etched 
with 12 nital solution to show depth of penetration. 

The constant current welds showed that uni iKe its behavior in 
GTAW, penetration increases gradually over the current range 
tested. Also, the growth of the "finger" constituted nearly all 
of the total penetration increase indicating convective flows of 
increasing magnitude. The ramped current experiments reinforced 
the observation that penetration increases gradually over the 
current range examined. Th e weld pool was also observed to 
fluctuate, slightly depress and finally depress significantly as 
the compound vortex started to form, formed co mp 1 etely a n d t h e n 
grew stronger. The low frequency pulsed gas metal arc welds 
realized very little penetration because the wire feed motor was 
not fast enough and the torch had to be raised causing severe 
arc spread ing. 
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I 




1. Gas Metal-arc Welding in Shipbuilding. 



Welding is used in the shipbuilding industry almost 



exclusively as the joining process o-f choice 



Ce r t a i n 1 y , many 



other industries use melding very extensively and the results 
presented here mill have applications in those industries as 
mell. But this study has been directed tomard shipbuilding 
mhere a very large traction ot the overall construction cost ot 
a ship is the cost ot melding. This cost includes the melding 
tools and consumables, but by the very 1 ab or - i n t e n s i v e nature ot 
the process, most ot the cost is devoted to the employment ot 
sKilled melders. Welders can otten represent torty to sixty 

percent ot the morKtorce in a large co mnr»e rcial shipyard. The 
amount ot gas metal-arc melding mill vary tr om ship class to 

ship class and shipyard to shipyard depending on such things as 

the t i x t ur i n 3 av ail ab 1 e , cr an e 1 i 1 1 cap ac i t i e s and the details 
ot the ship design. Electric Boat Division ot General Dynamics 
at Quansit Point, Rhode Island, is able to maKe extensive use ot 
submerged arc melding in the construction ot sub mar ines because 
ot their "modular" ship design and extensive tix tuning. But in 
the construction ot most ships, it is sate to say that 3 as 

metal -arc melding is a very large traction, it not an outright 
majority, ot the melding in terms ot man-hours and consumables 
expended . 

The use ot higher strength steels such as HY 100 and HSLA 
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100 require more complex welding procedures. These procedures 
include pre-heat, post -heat and total heat input restrictions. 

The end result of these complicated procedures is more ti me and 

effort expended by a mo re highly trained welder to join the tuo 
pieces of steel. Additionally, the welder rnu st often have 

special qualifications and weld much more carefully. Then, the 
finished weld must be inspected and any defects or 

irregularities must be ground out and welded again. It is easy 
to see why such a process is. time -consuming, labor-intensive and 
expens i v e . 

2. Automated Welding. 



It is a worthy goal to seeK to automate the welding 
process, and in particular, the gas rnetal-arc welding process. 
Ideally, welding machines or robot welders could worK tirelessly 
around the clock' doing repetitive tasks with great accuracy and 
speed. The efforts of human welders could be applied to more 
complex and non -repetitive welding tasks. Ships could be built 
more quickly and at less expense. 

Th e trouble with this "pipe dream" is that shipbuilding in 
this. country is not well-suited to automation. Ships are built 
"from the keel up" and they are built "by system". A ship is 
built "by system" in that the hull is built first. Th e n the 
various systems are placed into the hull. The electrical 
distribution system, the fire fig hi ting system, the internal 
c o mmu nication system, the propulsion system, the ship control 
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system, the sanitary system, the compressed air system, the -fuel 



system, the hydraulic system, the combat system and many mo re 



systems are placed in the 


hull. 


Obv iou 


sly 


this 


is a 


s i mp 1 i f i c a t 


ion since many of 


these 


syste ms 


mu s t 


be i n 


place 


before the 


hull is co mp 1 e t e d 


but the 


concept 


i s 


v a 1 id. 


Th i s 


"build by 


system” concept 


often 


results 


i n 


very 


1 itt 1 e 



repetitive uorK that can be performed outside the hull. Most of 
the welding occurs in the forms of welding of plates to frames 
already in place and the welding of systems in location onboard. 
A "modular" concept is much better suited for automated welding 
and has many other benefits that are beyond the scope of this 

paper. In a modular design, the ship is divided into "zones". 

These zones are three-dimensional p iecs of the ship that contain 
all of the system co mp orients passing through that zone. Th e 
zones are constructed as one piece re mote from the ship assembly* 
site, transported to. that site and then assembled to form the 
ship. Cleverly designed zones will have a myriad of 
opportunities for repetitive welding that robot welders will be 
capable of performing. Modular ship construction is the 
standard operating procedure in Japan, Korea and many other- 
places over seas and is beginning to gain popularity in this 
country . 

Even with modular ship construction, there are problems 
with automated welding. Plates distort while welding them, 
fit -ups are not perfect, joints vary in width and depth, plate 
thicknesses vary and other, less predictable variations occur in 
the welding conditions. Automated welding systems for use- in 
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shipbuilding need to be adaptable. Systems are already in use 
that can sense the changes in welding conditions and alter the 
welding parameters to accomodate these changes. These systems 
and systems 1 iKe them, still under development, are capable of 
maKing changes in welding current, voltage, travel speed, torch 
height, arc length or almost any other welding parameter using a 
rule -based system to accomodate variations in the welding 
conditions. These systems can maKe the appropr iate changes in 
the welding para me ters, provided of course, that the appropriate 
changes are Known. There are situations where human welders do 
not have easy solutions. Specifically, tacK welds pose a 
problem that is not easily solved. 

3 . TacK Welds. 



A tacK weld is a relatively short weld used to hold the two 
pieces of metal in place during welding (figure 1). It is easy 
to see that once the fit -up of two large pieces of hull steel is 
performed, the shipfitters can not be expected to hold the 
pieces in place until a welder can join them. TacK welds are 
used to hold the worKpieces in place while the welders worK. 
Another use for tacK welds has to do with the thermal distortion 
that occurs as a result of welding. Since the metal expands and 
tends to widen the joint as welding takes place, tacK welds are 
used to prevent this distortion. For instance, on a long, 
straight weld; as the welder starts welding at one end, the 
other end of the joint spreads apart due to thermal expansion. 



10 




F igure 



1 



Diagram o-f a iacK weld. 



It may be impossible to weld these pieces until they cool if the 



gap becomes too wide. A tacK ueld , or series of tacK welds, 
would prevent some of the distortion and allow the welding to 
t aKe place. 

TacK welds are usually performed by the shipfitters instead 
of welders. They are often performed hastily with the idea that 
a welder will soon cover this "temporary" weld with the finish 
weld that may involve several passes. They may even involve a 
different welding process, namely shielded metal arc CsticK 
electrode) welding. 

The problem caused by these tacK welds is two -fold. 
Firstly, the presence of the tacK weld causes a discontinuity in 
the welding process. The torch suddenly becomes closer to the 
weldment. And the normal flows in the weld pool are disrupted. 
Secondly, the tacK weld, in effect, beco me s a thicKer section of 
metal to weld. To deal with this problem, the welder would 
require increased penetration and decreased metal deposition to 
avoid an unsightly mound or glob where he welded over the tacK 
weld. Th is irregularity might cause the weld to fail the 
quality control inspection. It would then have to be ground out 
and welded again; an expensive and time-consuming process. 
Defects at the leading and trailing edges of the tacK weld 
(figure 2 ) , caused by disruption in the weld pool flow are 
common as well. These defects, discovered by non -destructive 
testing (NDT) methods, may also result in the weld being ground 
out and welded again. 

The purpose of this effort then, is to examine a me t h o d of 
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Figure 2. Longitudinal cut through a tacK weld showing defects. 
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dealing with "tack we Ids that could be e mp loyed by an auto ma ted 



welding system. This method employs a penetration mechanism 
Know as the co mp ound vortex. At the outset, it should be stated 
that although insight has been gained as a result o f the 
author’s work, the me thod envisioned as a rrieans of dealing with 
tack welds, was largely unsuccessful. 

4. Compound Vortex. 



The next chapter of this paper deals with the fundamentals 
of gas metal-arc process and the variables involved. Since it 

is a chapter that may be skipped by the reader who is familiar 
with the process, a brief description of the compound vortex is 
warranted here. 

If the weld pool was axisy mme t r i c , ma gnetohydrodynamic 
theory predicts toroidal flow. That is, flow parallel and 

perpendicular to the axis of the arc. These flow patterns 
called "thermo -cap i 1 1 ary " arid " diffuso-cap illary” are described 
in chapter two. The circumferential flow would be very s ma 1 1 . 
Real weld pools are not axisy mme trie, however, and the 

circumferential flow becomes significant above a certain 
threshold current. Lin and Eagar C13 demonstrated that observed 
weld pool depressions in gas tungsten -arc welds could not be 
explained by arc pressure alone. High speed photography of 
oxide particles on the surface of the weld pool showed angular 
velocities above twenty radians per second. Th e centrifugal 
effect of this mo tion causes a cavity in the center- of the weld 



14 



pool. Th is allows the arc to impinge the weldment at a point 
below the surface. The result is a significant increase in 

penetration. The co mp ound vortex is characterised by a region 
of constant angular velocity in the center (forced vortex), 
surrounded by a region of constant angular momentum (free 
vortex). A diagram of the compound vortex model is shown as 
figure 3 . 
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Figure 3. Diagram of the compound vortex C13. 
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1 . Background. 



In order to examine the process and variables of Gas 
Metal -Arc Welding, what is first required is a description of 
the process and an idea of how it differs from other joining 
processes. First of all, welding is a joining process used 
almost exclusively on metals, where the edges of the two 
workpieces are melted or fused together. Arc welding is the 
subset of welding processes that uses an electric arc to provide 
the heat needed to melt the metal. The first electric arc was 

struck over one hundred and seventy years ago by Sir Humphrey 

Davy in England. He described his experiment as follows: “When 

a current was sent by 1000 double plates, each 4 inches square, 
through potassium vapor- between platinum electrodes, over a 
nitrogen gas, a vivid white flame arose. It was a most 
brilliant flame of from half an inch to one and quarter inches 

in length.” [23 But it was not until eighty years later that 

Nicolas Benardos and Stanislas Olszewski patented a process that 
fused metal by striking an electric arc between a single carbon 
electrode and the metal workpiece. In 1332, Slavianoff proposed 
that a consumable electrode be used in place of the carbon 
electrode . Mo dified versions of this welding by stick electrode 
are still in use today. 

Gas metal-arc welding is a welding process where the heat 
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required for fusion is provided by an electric arc strucK 
between a consumable metal electrode and the workpiece. The 
electrode is a bare metal wire coiled on a spool that is fed at 
a measured (usually constant) rate to the torch where it makes 
electrical contact with the power supply. Thus the current 
flows from the contact in the torch, through the final inch or 
two of the electrode, to the arc. The mo 1 t e n me tal in the arc 
and the mo lten weld puddle are protected from the at mo sphere by 
a gas such as argon, helium or carbon dioxide which surrounds 
the arc and blankets the puddle. Otherwise oxygen and nitrogen 
from the at mo sphere would readily combine with the molten me tal 
and result in a weak, porous weld. C 2 ] 

Industry embraced arc welding as a marvelous innovation and 
began using it with very little understanding of how it worked. 
It was enough for industry to Know that it did work. Much work 
has been done in this century to determine what variables affect 
the final weld arid in what ways. So me of the important results 
of this work especially in the area of gas metal-arc welding 
will be summarized in this chapter. Before that can be done, 
some discussion of the process variables is required. This 
discussion will first cover electrode melting rate, metal 
transfer and welding equipment. Temperature distribution 

equations have been used to approximate the fusion zone and 
these will be discussed next. Finally, the current theories on 
weld pool motion and its effect on penetration and weld bead 
geo me try will be explored. 
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Electrode Melting Rate 



There are two major sources of heat that contribute to the 
melting of the consumable electrode. C33 Firstly, heat is 
generated at the tip of the electrode. Most gas metal-arc 
welding is performed with the electrode positive <DCRP). In 
this case the electrode is the anode. Total heat transferred to 
the anode Q ^ is 

Q A = Q CD + G CV + Q R - + G E 



where Q ^ ^ i s * e heat transferred by conduction, Q q y 



is the 

heat transferred by convection, Q p is the heat transferred by 
radiation and Q is the heat transferred by electrons i mp act i n g 
the anode. Sanders and P fender L53 found that heat transfer due 
to the electrons impacting the anode were responsible for up to 
85 percent of the total hi eat transfer. They further described 
Q as follows: 



Q E = I ( 5KT/'£e + U +0 > 

where 5KT/'2e is the electron thermal energy, U is the potential 
drop across the anode region of the arc, called the "anode fall” 
and (j^) is the potential energy surrendered by an electron upon 
entering a rnetal, called the electron " wo r K function." The size 
of the boundary layer at the anode and the magnitude and shape 
of the anode fall in this region is the subject of some debate. 
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[5,9,103 The region under dispute is so small and 



so high “that co mp lete understanding of these pherio me n a is not 
currently available. But it is generally agreed that the bulk 
of the heat is carried by the electrons. 

The second major source of heat occurs as a result of the 
electrical resistance heating caused by the current passing 
through the electrode. 

Lesneuiich C43 showed that heating due to radiation from the 

/ 

weld pool and the arc is negligible. Heat conducted by the 
molten tip of the electrode to the electrical contact point and 
then lost through conduction is also negligible under most 
welding conditions. C33 

Now that the two major sources of heat have been 
identified, it is left to examine the factors which affect them. 
Anode heating is affected by the current and electrode diameter 
but not the electrode extension. The me lting rate due to 
electrical resistance heating is proportional to the electrode 
resistivity, extension and current squared but inversely 
proportional to its cross-sectional area. Electrode melting 
rates are generally independent of the shielding gas. C4 3 

Lesnewich studied gas -shielded metal -arc welding primarily 
using commercial mild-steel welding wire. [43 He determined 
that the contribution of anode heating to the electrode melting 
rate could be determined by measuring the melting rate at 
various electrode extensions and extrapolating the data back to 
an extension length of zero. Figure 4 shows a t y p i c a 1 plot of 
the effect of electrode extension on electrode melting rate. At 
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Figure 4. E-ftect o i an electrode extension and welding current 
on electrode melting rate. 4] 



£1 



MELTING RATE (M) (LBS. /HR.) 



zero extension, heating due to electrical resistance uould be 
zero and the melting rate would be entirely due to anode 
heating. Lesneu ich found that the melting rate due to anode 
heat ing , Ma , could be expressed as: 



Ma = Cal 



where Ca 'is the anode heating coefficient and I is the current. 
Ca is related to the anode drop and the electrode work' function. 
It was shown that Ma is independent of arc length and electrode 
extension. The anode heating coefficient is dependent upon the 
specific heat of the electrode and its diameter. Figure 5 is a 
typical plot of anode melting rates as a function of current. 

Th e voltage required to force current through a conductor 
is given by Ohm’s law. 



where : 



V 



R 



P x L/A x I 



p - electrical resistivity 
L = conductor length 

A = cross-sectional area of the conductor, and 
I = current flowing through the conductor*. 



Electrical resistivity is strongly dependent on the temperature 
of the conductor. This voltage drop, V p times the current 
flowing through the welding electrode, I, is the heat energy due 
to the electrode's resistance, Hr> . 
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Figure 5 . 



Dependence of melting rate due to anode heating on 
the ma gnitude of welding cur rent. 4] 
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H n = P x L/ft x I 



£ 



The equation for the melting rate due to resistance heating can 
be simplified to the form: 



Mr = C R LI 2 

where C R is a constant of proportionality that is dependent 
upon electrode dia me ter and the electrode resistivity. [ 4 ] 



Table 1. Values for 
electrode C4 ] . 



C r f o r 



v ar i ous 



dia me ters 



of 



a mild steel 



D i arneter < in ) 



in/*'min a mp in) 



•R 



1 b / ( h r amp c in) 



0.030 


260.0 


X 


1 0 1 -4 


313.0 


X 


1 0 1 -6 


0.045 


42. 1 


X 


1 0 1 -4 


114.0 


X 


1 0 1 -6 


0.062 


10.5 


X 


1 0 1 -4 


54 . 7 


X 


1 0 1 -6 


0.033 


1 . 6 


X 


1 0 1 -4 


19.2 


X 


G 

-+ 

i 

O 



Lesenu ich found an exponential relationship between the 
cross-section ^rea of the electrode and the resistance heating 
coefficient, Cr , as follows: 



C R 



3.69 x i0*2 

I . £ b 

A 



< 1 b /h r 



i ri 



Amp 



£ 



) 
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or 



5. 0 x I 0*3 



< lb/hr in Amp c > 





This equation and the equivalent expression tor the anode 
heating coefficient were co mb ined to provide an empirical 
equation for the electrode melting rate for d ir ec t -cur r ent 
reverse -polarity gas metal arc welding with a mild steel 
electrode. 



It is worthy of note that arc length has very little effect on 
melting rate as shown in Figure 6. C 4 ] 

3 . Me tal Transfer . 



Me tal from the consu mab le electrode is transferred to the 
weldment when the electrode is melted and drops of metal fall or 
are propelled through the arc to i mp act the weld pool. Or, in 
the case of short-circuit transfer, metal is transferred when 
the electrode extends and comes in contact with the weld me nt. 
The resulting short-circuit and associated rise in current 
through the electrode causes the tip of the electrode to melt 
off. This "short-circuit" or "dip" mode of transfer, although 
very useful in ma ny applications, realizes little penetration 
and so will not be discussed in any depth in this chapter. 




( 1 b /h r ) 



sJ 



F i g u r 




A 3 C LtSO*H ( ;nC*£S7 



e 6 - 



Effect of arc length) upon the melting rate of a mild 
steel e 1 e c t r o d e . 
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To cause the metal drops to travel across the arc, -forces 
must act on the drops. The nature and magnitude o -f these -forces 
have been the subject o-f some study. 13,8,7,33 A drop o-f molten 
metal is suspended -from the tip of the electrode by surface 

tension. Surface tension is on the order of 1200 dynes /cm C33 
for mild steel. In the case of a 1/16 inch (0.16cm) dia me ter 
electrode, this force uould be about 600 dynes. This force must 
be overcome in order for the drop to travel across the arc. The 
force due to gravity is an obvious candidate. This force is 
equal to the volume of metal in the drop times the ma ss density 
of the mo 1 ten metal (7.8 g/cmt3 for steel) ti me s the 

acceleration due to gravity 030 cm/st2). For a spherical drop 
of radius 0.1 cm this force equals 32 dynes. It uould take a 

drop over half a centimeter in diameter to overcome the 600 dyne 

surface tension force. In fact, the force due to gravity could 
be considered negligible for drops s ma ller than the dia me ter of 
the electrode. Then there are other forces acting to propel the 
drops of molten metal from the electrode to the ueld pool. 

Tuo conductors carrying current in the same direction are 
Known to attract each other. If the electrode is considered a 
bundle of current carriers there uould be a force attempting to 
reduce the electrode’s diamater. This force uould not have a 
significant effect on a solid me tal conductor but near the tip 
of the uelding electrode, the conductor- is in transition betueen 
its solid state and its molten state. This electro ma g n e t i c 
force tends to "pinch" off a drop and give an axial impulse. 
Reducing the dia me ter of the electrode hi as the added effect of 
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reducing the magnitude o f the surface tension force. This 
force, often called the “pinch effect”, acts independent of the 
polarity of the electrode. The total axial force is! 

F = 1 /2 I ^ 

where I = the current in e.m.u. UJhen the current is 300 ampere 
<30 e.m.u.) the force equals 450 dynes. Figure 7 shows that the 
electro ma gnetic force reduces the surface tension and 
concentrates the pinch effect. Consequently, a drop is pinched 
off along AA arid is given an axial component of acceleration. 

The drop then travels across the arc and impacts the weld 
pool at speeds that exceed gravitational acceleration alone. 
Ma subuchi points out that a drop falling under the influence of 
gravity along a distance of 1 /A inch would achieve a speed of 
only 0.04 inch/s . C3] On the other hand, Jackson observed drop 
speeds of 15 to 50 ips as shown in figure S. LSI This graph 
shows the drop speed decreasing as drop size increases. The 
knee of the curve occurs at a drop diameter of about 0.03 - 0.03 
inches. It will be shown shortly that very small drops 
(diameter < 0.03 in) are transferred to the weld pool in the 
"spray" mode of transfer instead of the "globular" mode. Figure 
3 shows that as welding current is increased, a rather dramatic 
change occurs at about 250 amprere , Lesnew ich found that using 
reverse-pol ar i t y DC , with argon and 1/ oxygen as the shielding 
gas, a "transition current" could be identified. At welding 
currents, lower than the transition current , l urge drops of 
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Figure 7 . 



Concentration of e 1 e c t r o mag ne t ic 
of m i n i mu m sectional a r e a . [ 3] 



force at the region 
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Figure 8 . 



Effect of diameter of drop on velocity 
during transfer .[ 8 ] 
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Effect of current on the s 
transferred in an argon -sh 



ize and freqeuencv 



i e 1 d e d arc 



•[7] 



drops 
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OHOr VOLUME (IN 



mo 1 ten me tal uould be suspeneded from "the end of "the electrode 



until they "fell" toward the weld pool at a rate of only af few 

drops per second. Above this current, the metal was transferred 

in a H spray" of tiny drops at a rate of over 200 drops per 

second. Drops smaller than about 0.0005 cu.in. are transferred 
in the spray mode. This equates to a drop diameter of about 0.03 

- 0.10 inches, or* the Knee of the drop velocity curve (fig. 8). 

Spray transfer is desirable for greater penetration, 
increased arc stability and the fact that it allows overhead arid 
out of position welding. The transition current is not a 

constant. It is dependent on ma ny parameters including 
electrode composition, polarity, diameter and stick' out length. 

Table 2 lists the transition current for steel and aluminum 
electrodes of various diameters. Figure 10 shows the 

relationship between electrode diameter, stick out length and 

transition current for- mild steel electrodes, under the welding 
conditions of DCRP and argon + IX oxygen. The transition 

current for aluminum is less than that for steel and it 
decreases with s ma ller d i a meters arid longer- stick outs. 

Lesnewich C7] proposed the following equation for 
transition current: 

I = 80 + 3400 D - 30 L 

where I = transition current in ampreres 

D = electrode dia me ter in inches 
L = electrode stickout in inches 
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TABLE 2. 



TRANS I T" I Or-4 CURRENTS R O R DCRP 

F*RCS WITH STEEL- AND ALUM I MUM 



ELECTRODI 



C 3 □ 



Diameter Transition Current (Amperes) 

mm Steel Aluminum 



0.3 


100 


80 


1 . 2 


150 


100 


1 . 6 


200 


135 


OJ 


in 

OJ 

CO 


135 


3 . 2 


400 


235 
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F igure 
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Increase in transition current 
axial -spray transfer caused by 
electrode diameter. [ 7 3 



from drop to 
increasing the 
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Another transition occurs at even higher currents. 
Lesneu ich -found that above a certain threshold current, the tip 
o-f the electrode is bent and rotates around the axis of the 
electrode. Th i s nr»o d e of me tal transfer is called "spiral” or 

"rotating” spray. It results in much spatter and is not usually 
desirable. Lesneu ich [73 proposed the following formula for 

transition from axial spray to rotating spray: 




I = 25 + 1350 D + 14.5 x x 10 

L 

where I = the lowest current at which rotating spray is 

produced, in amperes 
D = electrode diameter in inches 
L = electrode sticKout in inches 

Figure 11 shows the relationship between the two transition 
currents and electrode sticKout for three electrode dia me t e r s . 



4. Welding Equipment. 



At this point, some disuccsion of automatic gas -metal arc 
welding equipment is needed. The shielding gas, the consumable 
electrode and the electrical power must be provided to the 
welding torch in a coordinated fashion. The shielding gas is 
usually provided by cylinders of compressed gas regulated to the 
desired pressure and flow rate. It is channeled by means of a 
gas line to the torch where it surrounds the arc and covers the 
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Figure 11. Changes in transition current from drop 

to axial -spray and rotary spray arcs caused 
by changes in the electrode extension and 
d i ameter . C7 1 
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molten uield pool. The consumable electrode is lead -from a large 
spool across motorized rollers which push the wire through a 
conduit to the torch. The wire teed speed ma y be constant or 
variable depending on the control system. In its si mp lest form, 
the wire teed speed is set before welding and is maintained at a 
constant rate throughout the process. Some synergic control 
systems adjust wire feed speed as a means of compensating for 
variations in the joint to be welded. C123 At the torch, an 
electrical contact provides current to the electrode. A balance 
must exist between wire feed speed and electrode melting rate or 
the electrode would feed to quicKly, piling up in the weld pool, 
or too slowly causing burn-bacK and damaging the torch. To 
provide this balance, a constant voltage source is used. The 
potential drops in the leads and torch are fairly constant and 
once the arc is establ ished and the plasma is near some 
qu as i -e qu i 1 i b r i um , its potential drop depends only on arc 
length. So a constant voltage means a constant arch length for 
a given current. The power source adjusts the current to 
maintain a given arc length <i.e. arc voltage). If the arc gets 
too short, for a given torch height the sticKout will be greater 
and this increases the electrical resistance heating which 
shortens the sticKout and lengthens the arc. Simultaneously the 
shorter arc causes the power source to increase the current and 
this causes the melting rate to increase. If then the arc 
length becomes too long, these processes reverse to decrease the 
melting rate and increase the arc length so that a constant arc 
length is maintained. The most common set of welding conditions 
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for gas-metal arc welding of steel is DC reverse polarity 
(electrode positive) current with a shielding gas of argon plus 
small amounts of oxygen. C133 

In an ex peri me nt , welding a steel plate with a 0.045 in. 
steel electrode using DCRP and argon plus 2% oxygen as the 
shielding gas at a flow rate of 40 scf/hr , the welding voltage 
was set at 30 volts. The wire feed speed was set at 240 inches 
per minute because it was Known that this would result in a 
current of around 220 amperes, a value very near the transition 
current. What resulted was a demonstration of the transition 
current and the manner by which the welding machine maintains a 
constant arc length. The metal transfer would be in the spray 
mode and the arc would become a little too long. The resulting 
reduction in welding current would cause the metal transfer mode 
to switch bacK to globular. The the arc would become too short 
and the increase in current would cause spray transfer again. 
The arc switched bacK and forth between globular and spray for 
the entire length of the weld. 

5. Prediction of the Fusion Zone. 



The weld metal is defined as that region of the weldment 
that has melted and resolidified during the welding operation. 
The fusion line is the boundary between the weld metal and the 
zone of metal, severly heated but not melted, called the heat 
affected zone. An isotherm of temperature equal to the melting 
temperature of the metal would exactly describe the fusion line. 
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Unfortunately, the heat transfer mechanisms at work' in this tiny 



region are not completely understood and an accurate description 
of this isotherm has so far eluded investigators. Although 
Christensen [111 and Eagar [143 have made much progress in this 
area recently. 

Chr iste nsen , Dav ies and Gj ermundsen L 1 1 3 generalized the 
temperature distribution equations deveoloped by Rosenthal and 
others. They developed the di me ns ionsless coord i nates s 



X 

r 

p 



V X 
2 (2 

V Y 
2 a 

V z 
2 C* 

V R 

2 a 



where V 

<x ,y ,z > 
R 



travel speed 

Cartesian coordinates moving with the heat source 

<X 2 +y 2 2 ) 2 



Qf = average ther ma 1 diffusivity 



Similarly, the temperature rise was rendered dimensionless. 

T - T 0 



where = me 1 1 i n g t e mp erature of the metal is chosen as the 

reference te mp erature 
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Finally, they 


defined an operating parameter, n, such that 


n r 


a v 

4 7ra 2 cT(T m -T 0 ) 


where c = 


specific heat 


7 - 


specific gravity 



These terms were introduced into the Rosenthal equation for 
point heat sources moving across the surface of a semi -infinite 



body : 




T - 


. T - Q i.-4f« + x) 

° ” 2TTK R " J 



where K = 


t h e r ma 1 conductivity = ft (dens ity ) (spec if ic heat ) 



The result was.: 





0 i -(P + X) 

n p 


Plots- of 


constant 0/'n in the range 0.001 to 100 are shown 


in figure 12. 


Large values of 0/'n indicate a high intensity 



heat source and low weld speed. Small values of 8/n indicate a 
low intensity heat source and a high weld speed. The fusion 
line is located where 0 = 1. The coordinates of the greatest 

width of any isotherm in terms of the radius vector are given 



by : 


\ ' p * 

, + 0 




i p = r = %- J' + z Rn 
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Plots o-f constant dimensionless temperature 
the operating parameter <0/n > . C103 



F i g u r e 



12 . 



over 



A direct relationship is given between the operating parameter 



and D 
' m 



The semi-circular contour predicted by these results was 
not borne out in Christensen's experiments. These temperature 
distributions were determined to be accurate at ranges tar from 
the source but did not adequately predict the fusion line, the 
scatter amounting in some cases to a factor of two. Christensen 
did however have good results in predicting fusion zone 
cross-sectional area. Part of the problem in predicting fusion 
zone shape is that the fusion zone is not large compared to the 
heat source, the welding arc, as assu me d in Christensen's 
theory. Eagar and Tsai L14] achieved better results modeling 
the heat source as a Gaussian curve instead of the point source 
assumed by Christensen. Eagar and Tsai had good results in 
predicting fusion zone area and width but experienced 
considerable error in predicting depth. This was partly because 
of the semi-infinite plate assumption. The rest of the error- is 
a result of depression of the surface of the weld puddle by arc 
forces and convection in the weld pool. These mechanis ms were 
not considered in the models proposed by Christensen and Eagar. 



n = 



e 



(Rh -t-X*) 



2 



- £ eV ^ 
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6 



Penetration Meehan isms 



Heat f 1 ou models -fail to adequately describe the shape of 
the fusion zone bcause they do not take into account convective 
flows in the weld puddle. The mo 1 t e n rne tal is depressed by arc 
pressure and metal droplets impinging the surface. Radial and 
c ircumf erent ial flows are established in three dimensions. 

These flow patterns are responsible for the deep “finger" 
penetrations observed as well as other oddly shaped fusion 
zones . 

Essers and Walter [153, using a spec ial ly-des igned 
Plasma-GMH welding torch and a water -filled calorimeter, were 

able to isolate and measure the heat transferred to the 
workpiece by each of the three major sources of heat. They 

found that, of the total heat transferred to the workpiece, 34 y. 
<±3X) was transferred by convection, radiation and conduction 



from the arc , 4 1'-: 


< ±3 X) 


was transferred 


by 


the passage 


of 


current through the 


worKp 


ice and 25X <+5X) 


w as 


transferred 


by 



the drops of molten electrode. They also found that although 
heat from the electric arc accounts for about 75X of the heat 
transferred to the workpiece, it can have only a very limited 
influence on depth of penetration. High speed c inem&togr phy 
showed that each metal drop depresses or indents the surface of 
the weld pool. If the drop frequency is higher than about 200 
Hz, the indentation does not have an opportunity to refill 
before another drop strikes it. So the drops impact the same 
small crater and the heat carried by the drops is transferred 
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efficiently to the bottom of the weld pool t 1 5 3 . To increase 
penetration, f x p (frequency x momentum), or total momentum per 
second, should be increased. 

Other researchers such as Mills [161 and Ishizaki [173 have 
also found that weld pool effects are most important in 

determining fusion zone shape.. The flow patterns of the liquid 
metal in the weld pool determine the depth and shape of the 

fusion zone. If one were to take a bucket filled with water arid 
direct a garden hose "jet " downward at the center of the bucket, 
one would observe the water to flow downward in the center, 
upward along the sides of the bucket and radially inward at the 
surface. If, on the other hand, a distributed "spray " was 
directed at the surface of the water in the bucket, the bottom 
would be undisturbed. Likewise, Mills found that a constricted 
heat source established a circulation that travelled downward at 
the center, radially outward along the bottom, upward at the 
sides and radially inward at the surface. This circulation 
pattern causes mu c h deeper- penetration t h a n circulation that 
travels radially outward at the surface. The latter can be 
established by a mo re distributed heat source. Ishizaki found 
that longer GTA arcs, subject to more spreading, resulted in 
mu c h mo re shallow, broader fusion zones. And shorter, more 
constricted arcs produced deeper and narrower fusion zones. 

A more recent study conducted by Oreper , Eagar and Szekely 
C18 3 discussed three sources of convective flow. Bouyant 
convective flow is caused when the warmer, less dense metal in 
the center of the weld pool rises and the relatively cooler. 
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denser metal at the fusion line sinks to the bottom of the weld 



pool (d if f uso-cap 1 1 1 ary flow). Electromagnetic convective flow 
is caused by the diverging current path in the weld puddle, 
establishing a ma gnetic field which interacts with the current 

-Ok 

and results in J x B <Lorentz) forces. These Lorentz forces 
cause convective flow downward in the center, upward at the 
fusion line and radially inward on the surface (thermo-capillary 
flow). And surface tension driven convection is a result of the 
s h ear forces established by the te rnp erature gradients. If the 
surface tension increases with temperature, as in the case of 
pure iron, d if f uso-cap i 1 1 ary flow results. If some impurities 
exist in the iron and the surface tension decreases with 
temperature , thermo-cap i 1 1 ary flow results. Thermo -cap il 1 ary 
flow (downward in the center) results in deep penetration 
whereas d if fuso-cap il 1 ary flow results in wide, shallow welds. 
In the case of arc welding, bouyant forces are very small 
compared to electromagnetic and surface tension forces. When 
the electro mag n etic and surface tension f o rces act in opposite 
directions double circulation loops can develop. Oreper's 
finite ele me n t s mo del showed these double circulation loops and 
computed the magnitude of their velocities. 

Lin and Eagar C13 observed depressions of the weld pool 

surface over 4 mm deep and showed using calculus of variations 

and measured values of arc pressure that arc forces alone could 

not cause depressions of that magnitude. The model showed that 
arc pressures could depress the molten speel surface only about 
1.3 mm. High speed photography of oxide particles on the 
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surface of weld pools showed circumferential vortex motions in 
the liquid. Angular velocities between £0 and 30 radians per 
second were observed and good correlation was obtained between 
theoretical depressions caused by sue hi angular velocities and 
actual weld pool depressions. Lin’s "compound vortex" model is 
shown schematically in figure 3. 
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Su mma r y 



Th e 1 mp ortant variables in gas metal-arc welding affect the 
process in the following ways C 22 1 : 



An increase in-- 


will cause - - 


welding current 


1) an increase in melting rate, and 

2) an increase in penetration and 
weld width. 


arc voltage 


1) an increase in arc length, 

2) an increase in weld width, and 

3) possibly a slight increase in 

penetration due to increased heat 
input. But spreading of the arc 

due to its increased length tends 
toward less penetration. 


electrode extension 


1) an increase in melting rate, and 

2) possibly less penetration in the 
case where excessive me It -off 
causes the arc to impinge the 
weld pool instead of base metal. 


electrode diameter 


1) a decrease in melting rate, 

2) a decrease in penetration due to 
decreased current density, 

3) an increase in weld width, and 

4) possibly problems with spatter and 
a "wander in g arc " . 


welding speed 


1) a decrease in penetration. 
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Ill 



pre v ious no re re 



1. Compound Vortex in GTAUJ. 



Chihoski [25 3 found that in gas tungsten -arc welding, 
penetration in steel increased gradually as the welding current 
was increased for currents below 200 A . Then, in the current 
range 200 to 300A , a large increase in penetration was observed. 
Above this, very little increase in penetration was observed 

from 300 to 450A and a gradual increase again for current above 

4 50 A. Lim [13 attributed this increase in penetration to the 
formation of a compound vortex and the resultant surface 
depression. Figure 13 shows the surface depression Lim found in 
his work on GTAW of steel. In the current range 270 to 300 A , a 
compound vortex formed causing a ma r K e d increase in depression 
of the weld pool. Upon reducing the current, Lim found less 

current was required to ma in tain the vortex than to establish 

it. Kol odz lejczaK [26 3 argued that in the current region 300 to 
450 A , penetration remained constant because the weld pool had 
already been depressed by the vortex much more than arc pressure 
could, so the current is being conducted into the sides of the 
cavity and there is insufficient heat delivered to the bottom of 
the cavity to cause further melting. Above 4 50 A, arc pressure 
begins to dominate as the primary source of weld pool 

depression. Since arc pressure increases with current, 
penetration also increases.. 

This narrow current region causing a large increase in 



48 




Figure 13. 



Plot of surface 
by Lim. I 1 3 



depress ion 



versus 



current observed 
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penetration provided hope that this pheno me non could be e mp 1 o y e d 



in some manner to yield high penetration welds with low average 
current . 

3. Pulsed GMAUI. 



Kolodz lejczaK [36 3 studied pulsed gas metal-arc welding and 
the effects of various pulsing sc he me s on penetration and weld 
bead geo me try. A representative plot of current versus ti me for 
pulsed GMAUI is shown in figure 14. High peaK current levels can 
be used in pulsed GMAUJ while maintaining lower average current 
by using a low base current. The lower average current results 
in lower heat input and less metal deposition. To taKe 

advantage of the compound vortex, the peaK current must be 
higher than the threshold current and the duration of the peaK 
must be longer than the time required to establish the vortex. 

Most of Kolodz iejczaK 's wor-K was done at frequencies which 
were too high to allow adequate time for the formation of the 
vortex. Kolodz iejczaK sought to exploit other apparent 

resonances in weld pool motion to achieve larger penetration 
values . 

3 . Go a 1 . 



The goal of this worK, then, was to determine : 

a) if the formation of a compound vortex 
results in t h e s a me d r a ma tic increase in 



5Q 



A 




TIME 



Figure 14. 



Typical time plot o-f current used in pulsed 
GMAl/J. C 26 3 



:« 1 



penetration in GMAUl as observed in GTAUI 



b) the threshold current -for establishment 
of a compound vortex in G MAUI of steel, 

c) the time required to establish the 
vortex at currents above the threshold, and 

d) a methodology for employment of these 
findings to result in welds of increased 
penetration with little or no increase in 
average current. 

The last point is consistent with the overall goal of a method 
to deal with tacK welds that could be i mp 1 e me nted by an 

automated welding system. 

It was disappointing that this goal could not be me t . It 
will be shown that a compound vortex affects GMAUJ penetration 
differtly than GTAUI penetration. 
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1. Experimental Apparatus. 



All the welds were ma d e by a stationary torch o r» mo u ing 
plates. The plates were clamped to a water-cooled copper table 
mooing at a constant travel speed perpendicular to the axis of 
the torch. (See figure 15.) Power was provided by two parallel 
Miller Gold Star 600SS power supplies through an Alexander KusKo 
20KHz current regulator. A function generator sent a voltage 
signal to the current regulator which ma gnified the signal by 
100 amperes per volt and provided the current to the welding 

torch. The voltage signal was also patched to an oscilloscope 

so that the signal could be viewed and adjusted before welding. 
All welds were performed with direct current, electrode positive 
< DCRP ) . 

Mild steel wire (0.045 inch diameter) was provided from an 
overhead reel by me ans of a low inertia electric mo t o r 

controlled by a logic circuit based on arc voltage feedback. 
Direct control of wire feed speed was not possible, so it was 
measured with a tachometer at the drive wheel. Cooling water 
was required for the current regulator, the moving copper plate 
and the torch. The shielding gas was argon with 2 a oxygen 

provided at a pressure of 30 ps ig and a flow rate of 90 standard 
cubic feet per- hour. 

The arc length was maintained at 0.5 inch for all of the 

constant current welds. An optical system allowed viewing of 
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WELDING CURRENT— [> 




Figure 15. The experimental apparatus. 
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■the arc while welding. Once the welding began, the torch height 
was adjusted to bring the arc length to 0.5 inch. The optical 

system consisted of a Me lies Griot 5 mUI He -Me laser spread to a 
20mm beam illuminating the arc and providing background light, 
ft series of filters and lenses including a neutral density 
filter and a variable aperture, adjusted the ratio of background 
light to arc light. ft n RCft New V icon color video camera then 
sent the resulting picture to a s ma 11 video monitor i ri view of 
the operator. 

Three sets of experiments were conducted on this equipment. 
The rationale behind each set of experiments will be discussed 
in chapter five. Ulh at follows here is a description of the 

experimental procedures. Th e three sets of experi me nts 

conducted were constant current experi me nts, "ramped" current 
e x p e r i me nts and low frequency pulsing experi me ri t s . 

2. Constant Current Experiments. 

ft total of twenty -one welds were made, bead-on-plate, on 
1013 cold rolled 12" x 4.5" x 3 /8 " mild steel plates at a travel 
speed of 10 inches per minute at various currents between 204 
and 358ft. Five or six welds were made on each plate after 
cooling the plate to ambient temperature between welds. The 
welds were each eight or nine inches long. 

Three transverse cuts were made in the central region of 
the plates, away from the beginnings and ends of the welds. The 
three cross-sections were ground, polished and etched wit hi a 12 
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nital solution. Th ree separate penetration measure rr»e n t s were 
made tor each weld and the results were averaged. Each 

measurement had an accuracy ot about 0.25 mm . Table 3 shows the 
current, voltage, torch height and overall penetration for each 
of the welds. During the second group of welds, the voltage 
meter was inoperative. 

3. Ramped Current Experiments. 



Th ree welds were per for me d with t h e current "ra mp ed " from 
200 to 380A . The signal generator was adjusted to provide a 
very slow sawtooth waveform such that only one full oscillation 
would be completed over the course of the weld. Since the 
travel speed was maintained at a constant 10 ipm, the welding 
current would be Known at every point along the weld. The plot 
of current versus time (also current versus distance) is shown 
in figure 16. Ma intain ing the arc length at any given value was 
not possible for these welds. Th e increasing current and a mo r e 
or less constant wire feed speed resulted in less sticKout and, 
consequently , longer arcs at higher currents. These welds were 
made, bead-on-plate , on 1013 cold rolled 12" x 4.5" x 3/8" mild 
steel plates as before. These plates were cut longitudinally, 
however, to reveal the center 1 ine of the weld at all points 
along the length of the weld. The plates were ground, polished 
and etched with a 12/. nital solution. The results of these 
experiments will be discussed in chapter five. 
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Table 3 



CURRENT 



I ME : NTS 



Ule 1 d 
No . 


Current 
(Amps ) 


Voltage 

(Volts.) 


Torch Height 
(cm) 


Penetr at ion 
< mm) 


1 - 1 


25 1 


3 1.9 


1 .4 


3. 1 


1 -2 


275 


34 . 4 


2. 1 


3.4 


1-3 


30 1 


36.0 


2.0 


3.6 


1 -4 


32 1 


35.6 


1 .9 


4 . 4 


1 -5 


295 


34.6 


1 .7 


4. 1 


1 -6 


288 


35. 1 


2.6 


3.4 


1 -7 


329 


36.2 


1 .8 


4 . 2 


1 -8 


31 1 


35.4 


1 .8 


4 . 0 


1 -9 


285 


35 . 5 


2.2 


4 . 1 


1-10 


26 1 


32 . 4 




3.4 


1-11 


243 


31.4 


1 . 4 


3. 1 


2-1 


300 




1 . 7 


4 . 1 


2-2 


224 




1 . 5 


2.5 


2-3 


328 




1 .4 


4.4 


2-4 


348 




1 . 3 


4 . 7 


2-5 


279 




1.7 


3.7 


2-6 


217 




1 .7 


2.6 


2-7 


358 




1 .2 


4 . 1 


2-8 


34 1 




1 . 3 


4 . 3 


2-9 


236 




1.7 


2.8 


2-10 


204 




2 . 1 


2.4 
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Figure 16. 



Plot o-f sawtooth waveform used in r a mp e d current 
e x p e r i me n t s . 



58 



Lou Frequency Pulsing Experiments 



4 . 



Two -final uelds uere conducted using very lou -frequency 

pulsing. These uelds uere made, bead-on-plate, on 1018 cold 
rolled 12” x 4.5” x 3/8” rnild steel plates just as before . The 

peaK current uas set at 650A and the base current uas set at 
200 A u ith a 50 percent duty cycle. This resulted in an average 
current o-f 4 25 A. Initially the torch height uas adjusted to 
render a voltage o-f 36V and the travel speed uas set at 17 ipm so 
that the total heat input uould be less than 55 KJ/in. 

Un -fortunately, this resulted in burn -back and severely melted 
the copper contact tip inside the torch. Raising the torch 
allowed uelding to proceed but the results uere unsatisfactory. 

The tuo uelds uere at 30Hz and 10Hz . Tr aces o-f the cur r ent 
versus time -for these uelds showed that the current dropped uay 
o-f-f at the beginning o-f the pulse without ever reaching 650 A and 
began to recover near the end o-f the peak pulse. Indications 
uere that dynamic interactions between the inductance of the 
power supply and the capacitance of the current regulator ma y 
have been responsible for the problem. Kolodz iejczaK L 2 6 3 

experienced similar proble ms. on the s a me equip me ri t . T i me uas 

not available to isolate the problem arid correct it in order- to 

conduct the ex peri me n t over. Th e extre me torch height made this 

an infeasible method anyway, due to extreme spreading of the 

arc. A higher speed wire feed motor uou have been required to 
lower the torch to a reasonable height without burn-back. A 
higher speed motor uas available but it uas incompatible with 
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the current regulator uh ich was required to generate the square 



wave pulsed current. For- these reasons the experiments were not 
conducted again. 

As welded, the penetration was very mini ma 1 , averaging only 
1.25rnm. To avoid stubbing and burn-back with the torch at a 
reasonable height, a very responsive, high speed wire feed 
motor, with arc voltage feedback control would be required. The 
difficulty arises from having such a large variance between the 
peak and base current values and welding at such low 
f requenc ies . 
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Fi ND D ISCLJSS I O r-4 






1. Initial Objectives. 



The -first two objectives stated at the end o-f chapter 3 

were the determination o-f whether the compound vortex results in 
a substantial increase in penetration and what threshold current 
is required to establish a compound vortex in GMAUJ. In order to 
a c c o mp lish these objectives, twenty-one constant current welds 
were made. The resulting penetration was measured and plotted 
versus, current in -figure 17. 

I-f the compound vortex behaved the same in gas metal-arc 

welding as in gas tungsten -arc welding, it was expected that a 
large increase, on the order o-f 1.25 rnm C25 3, in penetration 
would occur around 250 to 230 A. Figure 17 shows no such 

sudden increase . Wh at it does show is a gradual increase in 

penetration throughout the range o-f currents tested. 

So at least the first objective had been obtained. 

Unfortunately, the result was that the co mp ound vortex behaved 
differently in GMAUI than i r» GTAUI. Either the compound vortex 

did not form at all in this current range or the formation of 

the c o mp ound vortex did not result in a large increase in 

penetration. To gain some insight into this matter, another 
measurement was made on the weld bead cross-sections. Figure 18 
shows a nominal weld cross-section. If A represents the overall 
penetration, then call B the "finger" penetration. The finger 
is that portion of the weld bead that extends down below the 
more or* less semicircular region. The semicircular region might 
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Plot of penetration versus current for the constant 
current exper iments . 
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F igur e 




13. Diagram of weld cross section showing < rO 
penetration and < B ) finger penetration. 



total 



be thought o-f as that region of melting due to conduction heat 



transfer 


and 


the finger is 


due to convection 


and 


weld 


pool 


mo t i o ri . 


It s 


• h o u 1 d not b e 


misconstrued that 


t h e s e 


two 


heat 



transfer processes are independent and the total penetration 
could be obtained by su mm ing the individual conduction and 
convection so 1 ut ions (even if a convection solution existed, 
which at present it does not). If a (convection) heat transfer 
coefficient could be determined, by definition it would include 
both the conductive and convective me chan is ms. The finger, 
however , would riot exist if convection and weld pool motion did 
not occur. A sharp increase in finger penetration, in the 
current range of interest, would indicate the presence of the 
c o mp ound vortex. Figure 13 shows the results of the finger 
penetration measurements. Again, a steady increase is present 
instead of a large step that might indicate a threshold current. 



2. Discussion of Results. 



As current is increased, the penetration increases 
gradually over the entire range of currents tested. Further, 
the growth in the finger is- also gradual over the entire range 
of currents. In fact, figure 20 shows that the growth in the 
finger- accounts for nearly all the increase in penetration. The 
difference in the two curves in figure 20 results from growth in 
the conduction heat transfer due to the increase in heat input. 
But this growth is very small compared to the growth in f inger 
penetration. So it is clear that weld pool mo t l o n in s o me form 
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19. Plot of finger penetration versus current for the 
constant current experiments. 
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Figure 20. Plot comparing finger penetration to 
total penetration. 
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resulted in doubling the length of the finger while the depth 



of the semicircular region remained fairly constant. 

The obvious candidate is the compound vortex. The gradual 
increase in penetration indicates that initially the vortex 
either partially forms or is disrupted by imp acting metal 
droplets with no angular velocity. Then, as current is 
increased, the vortex is strengthened and enlarged as the weld 
pool grows in volume, so the impacting metal causes less 
disruption. The result is that instead of a sudden increase in 
penetration when the vortex is established as in GTAU1, 
penetration, especially finger penetration, grows gradually as 
the vortex grows in strength and influence. To test this 
hypothesis another welding experiment was conducted. 

3. Observations During Ramped Current Experiments. 



The signal generator was adjusted to provide the slow 
sawtooth wave shown in figure 16. By allowing the current to 
increase in a continuous manner the weld pool depression could 
be observed. Also, by maKing a longitudinal cut to reveal the 
centerline of the weld, any sudden penetration increase would be 
clearly displayed. -The results were plotted on the same graph 
as the constant current welds and are displayed in figure 21. 

The penetration values obtained from the ramped current 
exper iment are represented by the almost 1 inear curve <with no 
points) that falls between the overall penetration and the 
finger penetration. The fact that the arc length grew larger as 
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Figure 2 1. Plot comparing penetration resulting -from ramped 
current experiments to penetration resulting -from 
constant current experiments. 
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“the current increased; allowing more spreading, explains why the 



r amp ed current experiment resulted in less penetration than the 
constant current experiments where the arc length was Kept 
constant. It is interesting that since the arc spreading 
reduces the penetration due to conduction, the penetration 

obtained in this experiment grows at approximately the same rate 
as the “finger penetration. 

Th e other important observation during the ramped current 
experiments was related to the weld pool depression. As the 
welding current increased, the weld pool could be seen to 
■fluctuate around 240 to 260 A, as i-f the vortex was alternately 
■formed and extinguished. Then, at around 270 to 280 A, a 
distinct depression in the surface o-f the weld pool could be 
observed. At higher currents, the depression continued to grow 
in depth and become more distinct. 

It appeared that the compound vortex began to -form in the 
same general current range as in GTALi but that impacting metal 

drops with no angular velocity disrupted the formation. As the 
vortex strengthened with increasing current arid the weld pool 

grew, the vortex formed and began to depress the weld pool 

surface. This resulted in an increase in penetration. But this 
increase in penetration did not occur- over- a short current range 
as in GTAU1. A current increase of 100A <250 - 350A > resulted in 

about a 1.25mm increase in penetration. Another factor to 

consider was that this growth in penetration was due almost 

entirely to the growth in the finger. This may not be 

desireable in ma ny welding geo me tries. 
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Refering again to the objectives stated in chapter 3, the 
-first two had been obtained. It had been determined that the 
vortex behaved differently in GMAU than in GTAU1 but that it did 
result in an increase in penetration. The relationship between 
current and the formation of the vortex was also different in 
GMAW than in GTAUI. No threshold current existed. The vortex 
began to form around £40 - £60 A and was probably fully formed 

around £80 - 300A. It was clear that the third objective, that 
of determining the ti me required for the vortex to form, would 
now be very difficult to meet. Since there was no clear 

threshold current above which the vortex operated and below 
which the vortex did not. Also, the penetration measurements 
did not clearly show when the vortex was fully established and 
when it was not. So determining the time requ ired for vortex 
formation was abandoned in favor of attempting to develop some 
method for employment of this mechanism. 

4. Pulsing Strategy. 



Recalling the problem of dealing with a tacK weld by so me 
automated system, it was desired that a sizeable increase in 
penetration could be realized with no increase in metal 
deposition and no increase in heat addition. Metal deposition 
and heat input are controlled by current . So it was attempted 
to invent a pulsing scheme that had a low average current and 
yet took' advantage of the co mp ourid vortex for increased 
penetration. It was clear that to penetrate up to 10mm of tacK 
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meld, a high peaK current would have to be used and that the 



peaK period would have to be substantial. To bring the average 
current down, a fairly low base current would have to be used 
and the base period would have to also be co rnp arable to the peaK 
per i od . 

The experiment tooK the form o f two welds using a square 

wave with peaK current equal to 650A and base current equal to 

200ft. The peaK period and base period were equal <50X duty 
cycle) resulting in a average current of 4 25 A. ft direct current 

weld of 425A was also conducted for comparison. Two frequencies 

were tested, 30Hz and 10Hz resulting in 16.7ms and 50ms peaK 

periods respectively. It was attempted to adjust the voltage 
and travel speed so that the total heat input would be less than 
55 KJ/in. (For ma ny steels currently used in the construction 
of naval ships, heat input above this level requires special 
procedures and special qualifications for the welder.) 

Unfortunately this resulted in burn-bacK since the wire feed 
motor was- riot fast enough. Raising the torch resulted in 
unsatisfactory spreading of the arc and very poor penetration 
resulted. Additional problems encountered are discussed in 
chapter 4. Although success was not ache ived in this 

experiment, low frequency pulsing warrants further study. 



V I 



MO D E U 



1. Conduction Solution. 



Rosenthal's LB 7 ] equation tor a mooing point source of heat 
on a semi-infinite body is given in section 5 of chapter two . 
His assumptions were: 

a) the ther ma 1 conductivity, specific heat 
a n d ther ma 1 diffus ivity remain constant and 
are independent of temperature, 

b> the heat input and the travel speed of 
the source are constant, 

c) the source of heat is very small in size 
compared to the region of interest so as to 
be considered a point source of heat, 
d > convective arid radiative heat flows are 
neglected, arid 

e ) the process has reached a quas i-steady 
state on a semi-infinite medium. 



The last a s s u mp t i o ri provides that even though the 
temperature field is changing with ti me , the heat source is also 
moving and the temperature field is steady with respect the heat 
source. The coordinate parallel to the direction of motion (X), 
then can be converted into time by dividing by the travel speed. 
It is as if a ther ma 1 " snapshot" is taKeri of the worKpiece as 
the arc passes by. 



\ 



Eagar and Tsai [143 realized that the source of heat was 
not s ma 11 if the the region of interest was the fusion zone. 
Th e i r model used a distributed h e a t source approx 1 ma ted by a 
Gaussian function uith standard deviation s. 

q. 
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the integration variable 

distance in the x direction in a moving coordinate 
system w = x - vt 
travel speed of the arc 

distance horizontally perpendicular to the direction 
of travel 

d i s t a n c e me asured vertically from the plate surface 
net heat input per unit time (power) 

3. 14 1 5326536 

mass density 

specific heat 

t h e r ma 1 diffusivity 

arc distribution para me ter 

local temperature 

initial temperature 
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This model uas used in a computer program (Append ix A). 

The user inputed material constants, welding parameters, the 
type o-f M cut " desired (longitudinal or- transverse) and where the 
cut was desired in relation to the arc. The program adjusted 
the values of w, y and z in 1 mm increments- and calculated the 
integral shown above by means of a twenty step Simpson's Rule 
process. Two virtual heat sources were added to approximate a 
finite plate instead of the semi-inf in ite plate assumed by 
Rosenthal . 

The n u mb e r of Si mp son's Rule steps and the nu mb e r of 

virtual sources was determined by trying several co mb in at ions 

and settling on a compromise of accuracy and program run time. 

Th e result obtained using twenty steps differs from the result 
obtained using 100 steps by less than three percent. The result 

obtained using two reflected sources differs from that using 

three sources by less than one percent. Some of the file 

commands and print statements in this program may be unfamiliar 

because the program was written to run on a Commodore 64 C 

computer . 

A sample of the output from this program is given in 
Appendix B. The data obtained from this program could be used 
to study the size of the fusion zone by examining the isotherm 
line equal in temperature to the melting te mp e nature of the 
steel. The heat-affected zone could also be studied by locating 
the isotherm line of whatever temperature is determined to cause 
degradation in the properties of the steel. Cooling rates could 
be deter mined as- well since the x coordinate functions as a time 
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variable. In this study , only the size of the fusion zone is of 
interest. The longitudinal cut uas used to determine the 
maxi mu m dept hi of the fusion zone. The transverse cut showed the 
basic shape of the fusion zone. 

2. Comparison with Experimental Results. 



The welding parameters for welds 1-1 and 1-2 were input 
into the computer program and the output data were plotted in 
figures 22 through 25. The melting temperature of mild steel is 
shown as a dashed line at 1533 degrees Celcius. Figures 22 and 
24 show that the maximum depth of penetration occurs 0.6cm 
behind the arc. In weld 1-1 the ma x i mu m penetration is between 
the surface ''z=0) temperature curve and the 3 mm temperature 
curve. Interpolation of the data result in a penet ration of 

1.3mm. The maximum penetration for weld 1-2 is 4.4rnm. The same 
procedure was carried out for other welding currents and the 
results wer e plotted in figure 26 along with the exper lrnental 
results. 

It is clear from figure 26 that the predicted results do 
not agree very well with the ex peri mental results. A review of 
the a s s u mp t ions ma de by Rosenthal reveals that even using a 
distributed source and a finite plate , there are two very 
important faults with the theory. The first is that the 
material properties of the plate do not remain constant as the 
temperature increases. And secondly, convective heat transfer 
is very important to the process. Additionally, not all of the 
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heat applied to the plate can be used to raise the temperature 
o f the weldment. Since there is a change of phase (sol id to 
liquid) some heat is lost as heat of fusion. These factors 

combine in a way that is not clear to change the slope of the 
current versus penetration curve. Another potential source of 
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F igur e 22 . 



Plot of longitudinal temperature distribution for 
ueld 1-1 predicted by the computer model. 
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Figure 




23 . 



Plot of transverse temperature distribution -for 
weld 1-1 predicted by the computer model. 
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Figure 24. Plot o i longitudinal temperature distribution 
weld 1-2 predicted by the computer model. 



for 
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Figure 25. 



Plot ot transverse temperature distribution tor 
weld 1-2 predicted by the computer- model. 
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Figure 2 S‘ . Plot o f predicted and experi rne n "t a 1 

penetration values . 
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VII 



C O NC L-US I O r-4 



1. Compound Vortex in GMAW. 



Unlike gas "tungsten -arc welding where increased current 
brings about a sudden, very large increase in penetration when a 
compound vortex is established, increased current in gas 
metal-arc welding causes a gradual increase in penetration 
through the range where a vortex starts to form, forms 
completely and becomes very strong. Metal droplets from the 
electrode that imp act the weld pool have no angular- velocity and 
therefore have a disrupting influence on the vortex. Ulhen the 
current is low and the vortex is weak, these droplets do not 
allow the vortex to form completely; so the resulting 

penetration is not as great as might have been expected. As the 
current heco me s larger, the vortex beco me s stronger and can 
impart angular momentum tc» the imp acting droplets with less 
disruption. The resulting penetration is greater. Finally, 
when t h e current is large enough, t h e vortex is very strong and 
results in deep weld penetration. 

2. Growth of the Finger Penetration. 



As current is increased and overall weld penetration 
beco me s larger, nearly all of the growth in penetration is a 
result of the growth in the finger- penetration (see figure 13). 
Figure £0 shows that the finger penetration grows nearly as fast 
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as the total penetration. The result is a nearly constant depth 
for the " semicircular” region while the finger grows to over 
half of the total penetration. In ma n y joint geo me tries this 

is not a desireable result. The narrow finger may not fill the 
bevel for instance, and cause incomplete fusion. 

3. Distributed Source Conduction Solution. 



The computer model used produces results that are of the 
right magnitude. But the predicted penetration grows too 
rapidly as current is increased. Th e assumptions of constant 
material properties and no convection as well as the use of a 
constant arc efficiency are responsible for the discrepancy. 

4. Increased Penetration. 



In order to realize increased penetration, a significantly 
larger amount of heat must be added to the plate. An attempt 



was ma d e 


to use 


a high peaK 


current b a 1 a n c e d 


b y 


a low 


base 


current 


so t h a t 


the process 


would have the 


ad v 


antage 


of a 


current 


and yet 


still have 


a low aver age 


heat 


l n p u t . 


The 


attempt 


failed 


due to equipment deficiencies 


but 


the concept 


still ha 


s me r i t 













Another, possibly easier, way to ache ive penetration 
through a tacK weld without additional me tal deposition would be 
the use of a second, non -cons urnab 1 e arc in the area of the tacK 
weld. It is recommended for further study, that the use of a 
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second (possibly GTA) torch be tested on tacK welded plates to 
determine the -feasibility of its use and its most ideal location 
with relation to the GMfl torch. 
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TEMPERATURE F I ELD F* R O 



1. Program Listing. 



140 PRINT CHR*< 147 ) 

145 PR I NT: PR I NT ‘.PRINT 

150 PR I NT "THIS COMPUTER PROGRAM LULL CALCULATE THE" 

155 PR I NT "TEMPERATURE FIELD PRODUCED BY A DISTRI- " 

160 PR I NT " BUTED HEAT SOURCE TRAVELING ON A F I NI TE " 

165 PR I NT "PLATE . THE FORMULATION OF THIS SOLUTION" 

170 PRINT" IS FROM A PAPER BY T.Li. EAGAR AND 

173 PR I NT " N . -S . TSAI (WELDING JOURNAL, DEC, 1987 

174 PR I NT "RESEARCH SUPPLEMENT, PP 346S-355S.) 

175 PR I NT: PR I NT ‘.PRINT 

180 PRINT" IT WILL STORE TEMPERATURE DATA IN YOUR 
18 1 PR I NT "DATA FILE. WHAT IS THE NAME OF YOUR 
133 INPUT "DATA FILE";B$ 

190 PRINT CHRS < 147 ) 

200 A=. 147:R0=7.S33:K1=.54 
210 V=2 1 : I =25 1 : ETA= . 75 : V 1 = 10 
220 H = . 3525 : TN=20 : S I GMA = . 18897 
270 OPEN 3,8,3, "00: " +B$+ " ,S,W" 

280 DIM TT<60 ,20 ) : D IM MC20) 

300 INPUT"DO YOU WANT TO PRINT OUT THE TEMPERATURE DATA " ; PP$ 

310 IF PP$="N" THEN 490 

410 OPEN 4,4 

420 OPEN 2,4,2 

430 OPEN 1,4,1 



35 



450 

455 

460 

430 

495 

49? 

500 

510 

520 

540 

550 

560 

562 

565 

570 

580 

532 

533 

534 

535 

530 

595 

597 

600 

605 

610 

625 



US= M 99 . 9 3999 9999 9999 9999 9999 9999 9999" 

U$=U$+ " 9939 9999 9999" 

PR I NT# 2 ,U* 

GOTO 540 
PRINT CHRSC 147) 

REM* ******** * * * * * * * * * * * * * * * *B ASE METAL PARAMETERS * * * * * * * * * * 
INPUT" THERMAL DIFFUSIVITY <CMt2/S)";A 
I NPUT " MASS DENSITY <G/CMt3) " ; RO 

INPUT" THERMAL CONDUCTIVITY <W/CM DEGREES C ) " ; K 1 
PR I NT "THERMAL DIFFUSIVITY = " ; A; " < LI/CM DEGREES C > " 

PR I NT " MASS DENSITY = " ; RO ; " < G/CMt 3 ) " 

PR I NT "THERMAL CONDUCTIVITY = " ; K 1 ; " < W/CM DEGREES C ) " 
K=1E+7*K1" REM- -THERMAL CONDUCTIVITY CG CM/St3 DEGREES C) 

CP = K/< A *RO ) : REM — SPEC IF I C HEAT <CMt2/St2 DEGREES C) 

INPUT" ARE THESE VALUES CORRECT " ; Z Z ^ 

IF Z Z S = " N " THEN 435 

REM* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

REM 

REM 

REM 

GOTO 650 
PRINT CHRS ( 147) 

REM* * * * * * * * * * * * * * * * * * * * * * * * * WELD I NG PARAMETERS * * * * * * * * * * * * * 
I NPUT" VOLTAGE <V) "; V 
I NPUT "CURRENT < A ) " ; I 
INPUT" ARC EFF IC IENCY" ; ETA 
I NPUT " TRAVEL SPEED ( I N/'M IN)" ; V 1 
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635 INPUT ’’PLATE THICKNESS < 2CM MAX ) - ; H 
638 INPUT" INITIAL TEMPERATURE < CELS I US ) " ; TN 
645 INPUT " ARC DISTRIBUTION PAR AMETER " ; S IGMA 
650 PR I NT " VOLTAGE = " ; V ; " < V > " 

655 PR I NT "CURRENT = " ; I ; " < A ) " 

660 PR I NT “ARC EFF I C I ENCY = " ; ETA 

665 PR I NT " TRAVEL SPEED =";V1; "(IN/MIN) H 

670 PRINT "PLATE THICKNESS =";H;"<CM>" 

672 PR I NT" INITIAL TEMPERATURE ="; TN; " < DEGREES CELSIUS)" 

674 PR I NT "ARC DISTRIBUTION PARAMETER =";SIGMA 

675 INPUT" ARE THESE VALUES CORRECT " ; Z Z $ 

680 IF ZZ $="N" THEN 535 

68 1 Q = V * I *ETA : REM HEAT INPUT (J/S) 

632 Q=1E+7*Q : REM HEAT INPUTCG CMT2/St3) 

633 VS = V 1*2. 54/60: REM TRAVEL SPEED < CM/S > 

635 T = 2© : REM INTEGRATE OVER £0 SECONDS 

696 REM* * k % + * * * % % * * * * * * * % * * * * * * * * * * * % % t * * % * * * % * h % * * *• * * * % % * * * * % % 
637 REM 
693 REM 

693 PRINT CHRSC147) 

700 INPUT "LONGITUDINAL OR TRANSVERSE <L OR T ) " ; YY£ 

705 IF YYS= " L " THEN 300 

706 IF YY$= ,, T" THEN 7 10 

707 GOTO 700 

703 REM * * * * * *• * % * * * * * * *. * *. * % % % % % % *. * *. *. *. * * * *. *. * * * * *. *. * * * * * *• * * * *• *• * * * * * 
710 PRINT "TRANSVERSE SECTION" 

715 INPUT ”X -DISTANCE IN CM OF SLICE FROM THE ARC <+ AHEAD, 
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BEHIND) M ;X 



720 PR I NT "X -DISTANCE =";X;"CM M s INPUT" IS THIS CORRECT <Y OR 
N ) • ; Z Z * 

725 IF Z Z $ = " N " THEN 7 10 

730 Z T= I NT < 1 0 *H ) : REM 1 MM INCREMENTS 

735 FOR Z S =0 TO ZT 

740 Z = Z S * . 1 

745 FOR YS =0 TO 40 

750 Y=YS*.l 

780 G0T035 0 : REM* ****** * * * * * * * * *TO SIMPSON'S INTEGRATION ROUTINE 

765 TT < YS , ZS ) = THETA +TN 

770 NEXT YS 

7S0 NEXT ZS 

790 GOTO2000 

793 REM* **************************************************** * * * 
734 REM 

795 REM 

796 REM 

739 REM* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *LONG I TUD I NHL SECT I ON* * * * 
800 PRINT "LONGITUDINAL SECTION" 

805 INPUT "Y-D I STANCE < I N CM) OF SLICE FROM THE ARC 
CENTERL I hJE " ; Y 

810 PR I NT" Y-D I STANCE ="?Y; ,, CM M s INPUT" IS THIS CORRECT <Y OR 
N ) ";ZZ$ 

811 IF Z Z -£ = " N " THEN 800 

8 12 PR I NT "AREA OF CALCULATION IS 8 CM LONG IN THE X- DIRECTION. 
INPUT FORLIARDMOST" 
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8 13 

814 

815 

816 

880 

325 

330 

335 

340 

842 

344 

345 

846 

84? 

348 

349 

350 

370 

330 

385 

33? 

330 

300 

905 

903 

903 



I NPUT " X COORDINATE <+ AHEAD OF ARC 



BEH I ND ) M ; X0 



PR I NT " X COORD I NATE GOES FROM M ; X0 ; ” CM TO ” ; X0-6;"CM 
< + AHEAD OF ARC)” 

I NPUT MS THIS CORRECT <Y OR N) M ;ZZ$ 

IF Z Z $ = "N" THEN 812 
Z T= I NT ( 1 0 *H > : REM 1 MM INCREMENTS 
FOR ZS=0 TO ZT 
Z=ZS*. 1 

FOR XS=0 TO 60 
X=X0 -XS * . 1 

GOTO350 : REM***** .*.*.*** ***.***T0 SIMPSON’S INTEGRATION ROUTINE 

TTCXS ,ZS ) =THETA + TN 

NEXT XS 

NEXT ZS 

GOTO 2100 

REM* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k k * * * * * * * * * * * * * * * 
REM 

REM* * * * * k k k k * k k k k * k k k k k k k k k *BEG I N I NTEGRAT I ON SUBROUT I NE k k k 
DT = T/'20 : REM** ****** **.**.*□ I VIDE TIME INTERVAL INTO 20 PARTS 

REM * * *S I MPSON ' S RULE I NTEGRAL * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
IN=0 : N=0 
N=N+ 1 

FOR XX = 0 TO 13 STEP 2 

T0=XX*DT 

T 1 = < XX + 1 ) * D T 

IF T 0 < > 0 THEN 910: REM ********** *Z EROTH VALUE IS EQUAL TO 0 
D0 =0 : GOTO 930 
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9 10 E0= ( <Xt2+Yt2+2*X*VS*T0+VSt2*T0t2 ) / < 4 *A *T0 +2 *S I GMA t2 ) ) + 

<Z 1 2/' C4 * A *T0 ) ) 

920 D 0 = E X P < -E0) * (T0t- . 5>/<2*A*T0+S I GMA t 2 ) 

930 E 1 = ( <Xt2+Yt2+2*X*VS*T 1 + VS 1 2 * T 1 1 2 ) / < 4 * A * T 1 + 2 *S I GMA f 2 ) ) + 
<ZT2/<4*A*T1 ) ) 

940 D 1 =EXP (-E 1 ) * < T 1 1 - .5>/<2*A*Tl +SIGMAt2 > 

350 D I=D0*2+D1*4 
9S0 I N= I N + D I 
390 NEXT XX 

1000 T O = D T * 2 0 : R E M ******************* L A S T ELEMENT IN SIMPSON SUM 
1005 E0= < <Xt2+Yf2+2*X*VS*T0+VSt2*T0t2 >/<4 *A *T0 +2 *S I GMA t2 ) ) + 

<Z t2/<4*A*T0 ) ) 

10 10 D0=EXP<-E0> * <T0t-. 5 )/<2*A*T0«-SIGMAt2) 

1020 IN= IN+D0 

1023 IF N> 1 THEN 1025 

1024 Z=2*H-Z :G0T0337 

1025 IF N>2 THEN 1030 

1026 Z = 2 *H + Z 'G0T0S37 
1030 I N= IN*DT/3 

1050 THETA = IN*Q/P I *RO*CP* <4 *P I ♦A) t . 5) 

1055 IFYY*="L M THEN 844 

1 935 REM* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ***** * * * * * * * * * *PR I NT OUT 

2000 IF PP*="N" THEN2200 

2001 PR I NT# 4 , "TRANSVERSE SECTION AT X = ” ; X s PR I NT#4 : PR I NT#4 

2002 PRINT#4 , " Y /Z Z =0 Z =0 . 1 Z =0 . 2 Z =0 . 3 Z =0 . 4 

20G3 PR I NT# 4 , ”Z =0 . 5 Z=0.6 Z=0.7 Z=0.8 Z =0 . 3 " : PR I NT# 4 
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2005 FOR Y3 = 0 TO 40 



2007 


L=YS* . 1 










20 10 


FOR ZS=0 TO 3 










2020 


M < Z S > = TT C YS , Z S ) 










2030 


PRINT#4 , TT ( YS ,ZS) 










2050 


NEXT ZS 










2080 


pr i nt# i , l;m<o>;m<i>;m<2>;m<3> 


; M < 4 > ; M < 


5) 


; M < 6 > ; m < 7 > ; M < 8 > ; M < 9 ) 


2070 


NEXT YS 










2072 


PR I NT# 4 , " Y /Z Z =0 . 


1 Z = 1 . 1 


Z = 1 .2 


Z 


= 1.3 z = 1 . 4 ” ; 


2073 


PR I NT#4 " Z = 1 .5 Z = 1 . 6 


Z= 1 .7 


Z = 1 .3 


z = 


1 .3” : PR I NT# 4 


2075 


FOR YS = 0 TO 40 










2077 


L = YS * . 1 










2030 


FOR ZS=10 TO 13 










2035 


M < Z S ) = TT < YS , Z S > 










£032 


NEXT ZS 










2034 


PRINT#1 ,L;M( 10>;M< 1 1 ) 


; m •: 1 2 ) ; M < 1 3 ) ; M < 1 4 ) 


;m< 15);m< is);m«:i7); 




M< 13>;M< 13) 










2038 


NEXT YS 










2033 


GOTO2200 : REM* * * * * * * * * 










£100 


IFPP*= " N " THEN2200 










£101 


PR I NT " 4 , " LONG I TUO I NAL 


SECTION 


AT Y = 


/ 


Y SPRINT" 4 SPRINT# 4 


2102 


PR I NT# 4 , " Y /Z Z=0 


Z=0. 1 


Z =0 . 2 


z 


= 0.3 Z =0 . 4 


2103 


PR I NT# 4 r M Z=0.5 Z =0 . 6 


Z =0.7 


Z =0 . 3 


<L — 


0.3" 2 P R I NT # 4 


2105 


FOR XS =0 TO 60 










2107 


L=X0-XS* . 1 










2 1 10 


FOR ZS=0 TO 3 










2 120 


M < Z S ) = TT (XS ,ZS) 











3 1 



2 130 PR I NT# 3 , TT <XS , ZS > 

2150 NEXT ZS 

2180 PR I NT# 1 ,L; M< 0 > ; M< 1 > ; MC2 > ; M < 3 > ; M< 4 > M<5 > ; M<6 > ; M<7 > ; M<8 ) ; M<3 > 
2170 NEXT XS 

2 172 PR I NT# 4 , " Y /Z ?*1.0 2 = 1-1 Z = 1.2 2 = 1.3 Z = 1.4 “ ; 

2 173 PR I NT# 4 , M Z = 1 . 5 Z = 1.6 2 = 1.7 Z = 1.3 Z = 1 . 9 M : PR I NT# 4 

2 175 FOR XS =0 TO 80 

2 177 L =X0 -XS * . 1 

2130 FOR ZS=10 TO 13 

2185 MCZS > =TT<XS ,2S > 

2192 NEXT ZS 

2 194 PR I NT# l ,l;m< 10) ;m< 1 1 ) ; M< 12 >; M< 13) ; MCI 4 >; MCI 5 >; MC 18) ; M< 17 >; 

M< 18);M< 1 9 > 

2138 NEXT XS 

2200 FORZS=0TOZT 

2210 IF YY£= "L" THEN2220 

2215 QQ=40 : 6OTO2230 

2220 QQ =60 

2240 FOR XS =0TOQQ 

2260 PR I NT# 3 , TT < XS , Z S > 

2270 NEXT XS 
2280 NEXT ZS 

2290 CLOSE is CLOSE 2 : CLOSE 3 : CLOSE 4 
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Program Explanation 



Lines 140-175: 

Clear the screen and prints a message. 

Lines 1 30 - 1 33 : 

Prompt the user tor the name ot his data tile and put 
it into the string variable, B $ . 

Lines 190-220: 

Clear the screen and assign initial values to the 
t h e r ma 1 dittusivity ( A ) , ma ss density ( R 0 > , ther ma 1 
conductivity ( K 1 > , voltage < 7 > , current ( I > , arc 
etticiency (ETA), arc travel speed (VI), plate 
thickness (H), initial temperature <TN) and arc 
distribution parameter (SIGMA). 

Line 270 : 

Opens the data tile. 

Line 230: 

Dimens ions the temperature arrays. 

Lines 300-460: 

Ask the user it he wants the data printed on the 
printer in addition to recording it in his data tile. 
It the a n s ui e r is anything but "N", it opens t h e print 
tiles. The tirst tile (#4) is the verbatim tile. 
Anything printed in tile #4 will be printed verbatim. 
The second tile < # 2 ) is the tor rna t tile. The 
characters printed in tile #2, in lines 450-460, 
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-for ma t the Co mmo do re 802 printer so that anything 



printed in the third -file 1 ) will be printed in that 
f o r ma t . 

Lines 490-530: 

Initially sK ip the input and print the current values 
o-f the Base Metal Par arr»e te rs . Line 570 asks i-f these 
values are correct. I-f not, line 5S0 branches back to 
allow the input o-f new values. 

Lines 582-535: 

Remarks . 

Lines 590-830: 

Perform the same -function as lines 490-530 for the 
Welding Parameters. 

Lines 88 1 -899 : 

Calculate the heat per unit time actually applied to 
the plate. The arc efficiency was obtained from 
reference C83 page 184. Line 832 converts Q to the 
right units and 1 ine 833 converts the travel speed 
from ipm to cm/s. Line 635 sets the time over which 
the integration will take place. 

Lines 700-709: 

Allow the user to select a longitudinal cut parallel 
to the direction of travel or a transverse cut 
perpendicular to it. 

Lines 7 10-736 : 

Set up the location identification for the transverse 
cut. Lines 715-725 allow the user to input the x 
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location of the transverse cut. Line 730 sets ZT 
equal to the thicKness of the plate in integer 
millimeters. Line 735 is the beginning of the loop 
for the z d i me ns ion < me asured down from the surface of 
the plate) and line 740 causes Z to be in centimeters. 
Line 745 is the beginning of the loop for the y 
dimension <0 to 40mm ) off thte centerline of the weld. 
Line 750 causes Y to be in centimeters. Line 790 
branches to the Si mp son's Rule Integration routine. 

The result is THETA = T - TN, so the initial 
temperature is added in line 765 to get the 
temperature at that location. Lines 770 and 780 are 
the ends of the nested loops arid line 730 branches to 
the output . 

Lines 733-843: 

Set up the location identification for the 
longitudinal cut. Lines 805-311 allow the user to 
input the distance of the longitudinal cut from the 
centerline of the weld. Lines 312-319 allow the user 
to select the location of the 9cm (along the length of 
the weld) on which temperature calculations are to be 
conducted. Line 320 sets ZT equal to the plate 
thickness in integer millimeters. Line 825 is the 
beginning of the loop for the z di me ns ion < me asured 
down from the surface of the plate) and line 830 
converts z i n t o cent imeters . L i n e 335 is t h e 



beginning of the loop for the x dimension (measured 



-from the x location input in line 813). Line 840 
converts x into centimeters arid starts the measurement 
at the x value input in line 813. Line 843 branches 
to the Simpson’s Rule Integration routine. The result 
is THETA = T - TN so the initial temperature is added 
in line 844 to get the temperature at that location. 
Lines 845 and 848 are the ends of the nested loops and 
line 847 branches to the output. 

Lines 350 - 1 060 : 

Are the Simpson’s Rule Integration routine. Lines 
850-380 divide the time interval into twenty parts, 
set the sum (IN) arid the counter ( N ) to their- initial 
values and start the loop. Lines 900 and 905 identify 
the ends of the incre me n t a 1 t i me element . Lines 
303-909 handle the case when T0 equals 0 and avoids 
division by zero. Lines 910-340 calculate the partial 
sums of the integral using the equation from chapter 
6. Lines 350-380 apply the Simpson’s multipliers and 
increase the value of the sum (IN). Line 990 is the 
end of the integral loop. Lines 1000-1030 calculate 
and add the last term in the Simpson's Rule expansion. 
Lines 1033-1036 add the virtual heat sources at H 
below the plate arid 3H above the plate (where H is the 
plate t h i c K ri e s s ) and superpose the solutions. Line 
1030 completes the Simpson Integration. Line 1050 
multiplies the result by the constants in front of the 
integral sign (see the equation in chapter- 6). Lines 
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1055 and 1080 return to where the subroutine was 



called. NOTE: Originally GOSUB/ RETURN statements 

were used but these take more computer time so GOTO 
statements were used instead. 

Lines 1335-2290: 

Are the output section. Since much of the output 
progra mm ing is computer specific and ir» general for 
cos- me tic purposes only, it will not be discussed in 
depth. It suffices to say that the program prints out 
the temperature data if that was desired and records 
the same data in the user's data file. The last line 
closes all the files to avoid data loss. 
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B. COMPUTER PROGRAM OUTPUT 



UIELD 1-1: I = 2 5 1 A , V=21V, Arc 

Initial Temp . =£0 da 
< c m > Y = 0cm < UJe 1 d C e n t e 



■7 — 

4- — 

V - 


0.0 


0 . 1 


0.2 


0 . 3 


1 .0 


1 10 


1 10 


103 


106 


.3 


146 


146 


144 


139 


.3 


194 


134 


130 


183 


.7 


257 


256 


250 


240 


.6 


335 


334 


325 


31 1 


.5 


430 


428 


4 17 


338 


.4 


542 


540 


525 


500 


. 3 


663 


666 


647 


616 


0 

. 1 — 


803 


304 


78 1 


742 


. 1 


353 


348 


320 


374 


0 . 0 


1037 


109 1 


1059 


1006 


- . 1 


1233 


1226 


1 191 


1 13 1 


- . 2 


1352 


1345 


1307 


1242 


- . 3 


144S 


144 1 


140 1 


1333 


- . 4 


15 15 


1503 


1468 


1333 


- .5 


1550 


1545 


1505 


1438 


- .6 


1554 


1550 


1513 


1448 


_ ~7 


1527 


1525 


1432 


1432 


- . 8 


1476 


1477 


1448 


1335 


- .3 


1407 


1409 


1336 


1340 


-1.0 


1326 


1330 


13 12 


1275 


-1.1 


1233 


1246 


1234 


1205 


-1 .2 


1 153 


1 163 


1 155 


1 134 


-1.3 


1073 


1034 


103 1 


1067 


-1.4 


1000 


1012 


1014 


1006 


-1.5 


336 


350 


355 


352 


-1.6 


83 1 


336 


304 


305 


-1.7 


336 


35 1 


36 1 


366 


-1.3 


737 


3 13 


325 


332 


-1.3 


765 


732 


734 


303 


-2.0 


737 


754 


767 


773 


-2. 1 


713 


730 


744 


755 


-2.2 


632 


703 


723 


735 


-2.3 


672 


633 


703 


715 


-2.4 


654 


67 1 


635 


697 


-2 . 5 


637 


653 


663 


680 


-2.6 


62 1 


637 


65 1 


664 


-2.7 


606 


621 


636 


643 


-2.3 


59 1 


607 


621 


633 


-2.3 


577 


593 


606 


6 13 


-3.0 


564 


579 


593 


605 


-3 . 1 


552 


566 


530 


532 


01 

CO 


540 


554 


567 


530 


-3.3 


523 


542 


556 


563 


-3.4 


5 13 


531 


544 


556 


-3.5 


507 


52 1 


533 


545 



0.75, TS= 1 0 i p m , Pit Th k = . 95c m 
Arc Dist. Parameter =0. 18837 
> Max. Penetration =0. 13cm 



0.5 


0 . 6 


0 . 7 


0.3 


0 . 9 ' 


37 


93 


89 


87 


85 


126 


120 


1 14 


1 10 


108 


164 


155 


146 


140 


137 


213 


193 


137 


173 


174 


274 


255 


00 

CO 

01 


226 


220 


347 


322 


300 


233 


275 


434 


400 


37 1 


350 


339 


532 


439 


453 


426 


4 12 


633 


587 


542 


509 


433 


752 


689 


636 


537 


577 


865 


793 


732 


637 


663 


973 


393 


824 


774 


747 


1070 


383 


303 


854 


326 


1 152 


1060 


332 


324 


834 


1214 


1 121 


1040 


38 1 


35 1 


1255 


1 162 


1032 


1024 


334 


1273 


1 183 


1 106 


105 1 


1022 


1269 


1 136 


1 1 15 


1063 


1036 


1243 


1 173 


1 103 


1062 


1038 


12 13 


1 147 


103 1 


1050 


1030 


1 163 


1113 


1065 


1031 


10 14 


1113 


1073 


1034 


1006 


333 


1067 


1032 


100 1 


930 


370 


1018 


33 1 


363 


353 


346 


372 


354 


337 


326 


922 


332 


9 13 


303 


302 


300 


336 


333 


333 


373 


379 


364 


862 


853 


353 


360 


837 


337 


333 


339 


342 


3 13 


316 


3 18 


32 1 


825 


731 


736 


800 


304 


303 


77 1 


777 


732 


737 


733 


752 


753 


766 


77 1 


777 


735 


742 


743 


755 


76 1 


713 


726 


733 


740 


746 


70 1 


7 10 


717 


724 


73 1 


685 


634 


702 


703 


7 15 


670 


673 


637 


634 


701 


655 


664 


672 


630 


686 


64 1 


650 


658 


666 


672 


627 


636 


644 


652 


653 


614 


623 


63 1 


633 


64 6 


601 


610 


6 13 


626 


633 


533 


533 


606 


6 14 


62 1 


577 


536 


535 


602 


609 


566 


575 


533 


531 


533 



Eii . = 

9 . C , 

r 1 i n e 

0 . 4 

102 

133 

174 

227 

234 

374 

463 

576 

693 

315 

338 

1055 

1 160 

1247 

13 11 

1350 

1364 

1355 

1325 

1230 

1225 

1 164 

1 103 

1045 

33 1 

343 

302 

366 

336 

303 

735 

764 

744 

726 

703 

S3 1 

675 

680 

64 5 

630 

617 

603 

59 1 

57 3 

567 

556 
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m ro 



TRANSVERSE SECTION 



WELD 


1 - 1 : 


I =25 1 A , 


V = 2 IV 


, Arc 


Ef f . = 


0.75, 


TS = 1 0 l p m , Pit 


Th K = 


. 95c m 






Initial 


Temp . 


=20 deg . C , 


Arc D i 


i t . Par ame ter 


=0. 18337 






Transverse Cut at X 


; = -o 


. 6 Ma x . Penetrat ion=0. 


1 3cm 


< c m) 






















Z = 


0.0 


0 . 1 


0.2 


0 . 3 


0 . 4 


0 . 5 


0.6 


0.7 


0.3 


0 . 3 


i — 

0.0 


1554 


1550 


15 13 


1443 


1364 


1273 


1 133 


1 106 


1051 


1022 


. 1 


1536 


1532 


1436 


1432 


1350 


1259 


1 171 


1036 


104 1 


10 13 


.2 


1484 


1431 


1446 


1335 


1307 


1221 


1 137 


1084 


1012 


385 


. 3 


1402 


1400 


1363 


13 12 


1239 


1 153 


1082 


1015 


366 


34 1 


. 4 


1236 


1235 


1267 


1217 


1 152 


1030 


1010 


350 


307 


834 


.5 


1 174 


1 174 


1 150 


1 107 


105 1 


938 


327 


875 


837 


813 


.6 


1044 


1044 


1025 


339 


34 1 


839 


837 


733 


761 


745 


. 7 


9 12 


9 13 


398 


363 


33 1 


783 


746 


7 10 


683 


670 


.3 


735 


737 


776 


753 


723 


639 


656 


627 


607 


537 


. 3 


667 


67© 


662 


646 


623 


537 


572 


550 


534 


526 


1 .0 


562 


585 


56 1 


543 


532 


513 


494 


478 


467 


461 


1 . 1 


470 


474 


472 


464 


452 


439 


425 


4 14 


406 


402 


1 . 2 


332 


336 


336 


33 1 


383 


374 


365 


357 


352 


350 


1 .3 


327 


33 1 


332 


329 


325 


319 


313 


303 


305 


304 


1 . 4 


274 


273 


279 


273 


276 


272 


269 


266 


264 


263 


1 .5 


230 


234 


236 


236 


235 


233 


23 1 


230 


229 


223 


1 . S 


135 


183 


200 


20 1 


20 1 


200 


200 


193 


193 


133 


1 .7 


166 


163 


17 1 


172 


173 


173 


173 


173 


173 


173 


1 .3 


142 


145 


147 


143 


143 


150 


150 


150 


151 


151 


1 .3 


123 


125 


127 


128 


123 


1 30 


13 1 


13 1 


132 


132 


2.0 


107 


103 


1 10 


1 12 


1 13 


1 14 


1 14 


1 15 


1 15 


1 16 


2. 1 


33 


35 


36 


98 


33 


100 


100 


101 


101 


102 


ru 

ro 


82 


83 


35 


86 


37 


33 


SS 


39 


39 


30 


2.3 


72 


74 


75 


76 


i' r 


77 


78 


73 


79 


30 


2.4 


64 


65 


66 


67 


63 


69 


69 


70 


70 


7 1 


2.5 


57 


53 


53 


60 


61 


61 


62 


62 


63 


63 


2 . 6 


52 


53 


53 


54 


55 


55 


56 


56 


56 


57 


2.7 


47 


43 


48 


43 


43 


50 


50 


51 


51 


5 1 


2.3 


43 


43 


44 


44 


45 


45 


46 


46 


46 


47 


2.3 


33 


40 


40 


4 1 


4 1 


4 1 


42 


42 


42 


42 


3 . 0 


36 


37 


37 


37 


38 


38 


33 


39 


39 


39 


3 . 1 


34 


34 


34 


35 


35 


35 


36 


36 


36 


36 


3.2 


32 


32 


32 


32 


33 


33 


33 


33 


34 


34 


3 . 3 


30 


30 


30 


3 1 


3 1 


3 1 


3 1 


3 1 


31 


32 


3.4 


23 


23 


29 


29 


23 


29 


29 


30 


30 


30 


3.5 


27 


27 


27 


27 


28 


23 


23 


28 


28 


28 


3.6 


26 


26 


26 


26 


26 


27 


27 


27 


27 


27 


3.7 


25 


25 


25 


25 


25 


25 


26 


26 


26 


26 


3 . S 


24 


24 


24 


24 


25 


25 


25 


25 


25 


25 


3.3 


23 


23 


24 


24 


24 


24 


24 


24 


24 


24 


4 . 0 


23 


23 


23 


23 


23 


23 


23 


23 


23 


23 


Ma ter 


ial Parameters Used 


: Th e r ma 1 


Diffus iv i t y 


= 0 . 147 


C cmt2/s ] 










Mas 


s De n 


s ity = 


7 . 833 


[ g /c rnt 3 ] 












The r ma 1 


Conduct i v ity 


= 0.54 CW/cm-deg . C ] 
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